Antimicrobial peptides (AMP) secreted by the granular glands of frog skin have been widely reported to exhibit strong bacteriostatic and bactericidal activities. 
cell membrane and eukaryotic mitochondrial membrane possess high transmembrane potentials. By contrast, the zwitterionic phospholipid, which is the main composition of eukaryotic membrane, possesses low transmembrane potential. [4] [5] [6] [7] As a consequence, the majority of AMPs prefer to corrupt the prokaryotic membrane and eukaryotic mitochondrial membrane rather than the eukaryotic membrane.
Thus, those AMPs with distinct membrane-penetration mechanism on tumour cells that allows the receptor-regulated internalisation, followed by induction of programmed cell death, could serve as unique and supplementary options for cancer therapy.
Apoptosis is a programmed process that plays a pivotal role in modulating physiological and pathological cell death. 8 Extensive scrutiny has been focused on the investigation of apoptosis-related cancer research, in particular the disorder of cancer cells to undergo apoptosis could lead to severe malignant progression and chemotherapy resistance. 9 The whole process of apoptosis composed of either of the two distinguished signalling transduction pathways and a number of proteins that located in multiple organelles. 10 Compared with death receptor (extrinsic) pathway, the mitochondrial (intrinsic) pathway of apoptosis is most commonly deregulated in cancer cells, and most stimuli induce the initiation of apoptosis through mitochondrial signalling that governs the release of cytochrome c to the cytosol, which in response regulates the activity of caspase protease. 11, 12 Upon activation, caspases cleave a number of proteins, resulting in cell death, and the alterations in biochemistry and morphology occur. 13 In this study, using human glioblastoma U-251 MG cells, we investigated the tumour suppression effect of the novel isolated AMP Dermaseptin-PS1 from P. sauvagei. We provide the evidence that the concentration is critical for anticancer agents to exert biological functions through differentiated mechanisms, which support the further drug design and development for targeting the intervention of mitochondrial apoptosis in cancer therapy.
| MATERIALS AND METHODS

| Specimen biodata and skin secretion harvesting
Specimens of P. sauvagei (n = 3, two males 5 cm snout-to-vent length, one female 7 cm snout-to-vent length), originally from South America, were obtained from a commercial source in the United
States. The skin secretion produced by the holocrine glands of frogs was obtained by mild transdermal electrical stimulation (5 V, 50 Hz, 4 ms plus width) as previously described. 14 
| "Shotgun" cloning of novel Dermaseptin-like peptide encoding cDNAs from lyophilized skin secretion
Five milligrams of lyophilised P. sauvagei secretion powder were dissolved in 1 mL cell Lysis/Binding buffer to isolate polyadenylated mRNA by using magnetic oligo-dT beads in Dynabeads ® mRNA DIRECT ™ Kit (Dynal Biotech, Liverpool, UK). Then the reverse-transcribed cDNA library was subjected to 3′-RACE PCR procedures to acquire the full length of preproprotein nucleic acid sequences using a SMART-RACE kit (Clontech, Palo Alto, CA, USA) essentially as described by the manufacturer. Briefly, the 3′-RACE reactions employed a UPM primer (supplied with the kit) and degenerate sense primers (S1; 5′-ACTTTCYGAWTTRYAAGMCCAAABATG-3′, Francisco, CA, USA) for primary structural analysis.
| Solid-phase peptide synthesis
Following unambiguous confirmation of the primary structure through both molecular cloning strategy and LCQ-Fleet mass spectrometry, the peptide was chemically synthesised by Tribute where c is the molar concentration of the sample (mol/L) and l is the cuvette path length in centimetre (cm). DICHROWEB webserver 
| MTT cell proliferation and LDH cell membrane integrity evaluations
Five thousand cells/well in 100 μL full growth DMEM medium were planted into 96-well plates and allowed to attach for 24 hours. Cells were starved by serum-free medium for 6 hours before treated with peptide concentration gradient (10 −4 to 10 −9 M, n = 5) for 24 hours.
After which, 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was added to each well prior to another 4 hours incubation, the optical density (OD) values were measured at 570 nm by using EL808 TM Absorbance Microplate Reader.
The cell membrane integrity was measured by using lactate dehydrogenase (LDH) assay with Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific, Loughborough, UK) according to the manufacturer's instruction with the same treatment conditions.
| Western blotting
Protein lysates extracted from cells were used to detect protein expression levels of caspase 3 (Cell Signaling, Stillorgan, Ireland; Hill, MA, USA) was used to fix cells and one drop of anti-fade mounting medium (Thermo Fisher, UK) was added to each well before coverslip seal using nail polish. The slides were immediately analysed by Leica DMi8 fluorescent microscope imaging system.
| RNA extraction and quantitative real-time PCR analysis
Cells were planted into 6-well plates at a density of 2 × 10 5 cells/2 mL/ well and allowed to attach for 24 hours. After 6 hours starvation, cells
were treated by peptide concentration gradient (10 −4 to 10 −7 M) for 16 hours. Then, 500 μL of TRIzol ® Reagent (Thermo Fisher, Loughborough, UK) was added into each well and RNA was extracted by 100 μL chloroform and purified by 200 μL isopropanol. The solutions were centrifuged at 12 000 × g for 10 minutes and the supernatant was removed before the pellets were washed with 75% ethanol. After which, the RNA pellets were resuspended in 20 μL diethyl pyrocarbonate (DEPC) water and quantified using Nanodrop One c system (Ther- The melt curve data were collected and analysed. The relative mRNA abundance normalized to 18S rRNA levels was determined with the ΔΔCt (cycle threshold) method after amplification. Data are represented as mean ± SD. Sequences for primers used in this study are listed in Table 1 . 
| Cytosolic and mitochondrial protein extraction
| Statistical analysis
All results are presented as mean ± SEM determined by two-tailed Student's t tests or one-way ANOVA. Pair comparisons of the means were made, and P < 0.05 was taken as a significant difference. The
Bonferroni method was used to adjust the observed significance levels for the fact the multiple contrasts were being tested. Figure S1 ), respectively, to achieve the purity >95%. solutions ( Figure 1E ). The generated data were analysed by DICRO-WEB webserver. In 10 mmol/L NH 4 Ac solution, Dermaseptin-PS1
showed a mixed conformation of random coil (48%) and β-sheet (48%) with a negative band presented at 198 nm. By contrast, in 50% TFE-10 mmol/L NH 4 Ac solution, the α-helical structure was increased to 25%, and random coil increased to 60%, while β-sheet decreased to 15% ( Table 2 ). The results suggested that the Dermaseptin-PS1 was partially structured to a membrane-penetrated 
| Dermaseptin-PS1 exhibited moderate antimicrobial activity against typical strains
As Dermaseptin family peptides have been widely reported to possess strong antimicrobial activities, [20] [21] [22] we tested whether Dermaseptin-PS1 can retard the reproduction of microorganisms.
The results showed that the novel peptide Dermaseptin-PS1 exhibited moderate antimicrobial activities against S. aureus (Figure 2A) , E. coli ( Figure 2B ) and C. albicans ( Figure 2C ) with relatively low haemolytic effect (<20% at 10 −5 M) ( Figure 2D 
| Dermaseptin-PS1 displayed antiproliferative activity in glioblastoma U-251 MG cells
Many of the AMPs, with the inherent characteristics of being linear, cationic and amphipathic, have been proved to exert antiproliferative capacities through non-specific interaction with eukaryotic cell T A B L E 2 Secondary structure analysis of Dermaseptin-PS1 by using DICHROWEB online server GraphPad Prism 5 software. Values are the mean ± SEM for three independent experiments. Veh represents vehicle control, *P < 0.05, **P < 0.01 and ***P < 0.001 vs vehicle control. (D) Haemolytic activity of Dermaseptin-PS1 following incubation with horse erythrocytes for 2 h. Data were analysed with unpaired Student's t test using GraphPad Prism 5 software. Values are the mean ± SEM for three independent experiments. P represents positive control, ***P < 0.001 vs positive control (10% Triton X-100) membranes, 23 while internalisation initiated apoptosis induction has also been reported to act as the major mechanism of anticancer functions. 24 Thus, we tested the antiproliferative activity of Dermaseptin-PS1 using different cell lines, and the results (Figure 3 and Apoptosis and autophagy are two major programmed cell-destructive processes, both of them could be elicited by exogenous stress or ligand. 26 We firstly used Western blotting to examine whether Dermaseptin-PS1 caused cell viability decrease was through the activation of either or both of apoptosis and autophagy. As the dose assessment shown in Figure 4A , Dermaseptin-PS1 treatment at 10 −6 M elevated the expression level of cleaved caspase 3.
Quantitative analysis normalised by GAPDH revealed that, com- Annexin V nor PI signal increase ( Figure 4D ).
Next, we examined the related marker genes for both intrinsic and extrinsic cascades of apoptosis at transcriptional level. As shown in Figure 4E , the pro-apoptotic genes were increased significantly, while the anti-apoptotic Bcl-2 gene remained unaltered, which lead to the elevation of Bax/Bcl-2 ratio. The up-regulation of Bax/Bcl-2 ratio contributes to the activation of apoptotic cascade. 28 Together, we confirmed that Dermaseptin-PS1 disrupted the U-251 MG cell membranes at 10 −5 M and higher concentrations, and induced apoptosis at 10 −6 M to exert the antiproliferative effects.
| Dermaseptin-PS1 induced U-251 MG cell apoptosis through intrinsic cascade
To investigate the specific intracellular mechanism by which Dermaseptin-PS1 exerts the apoptosis induction effect, we examined the marker genes that related to the intrinsic or extrinsic apoptotic cascades. As shown in Figure 5 , the extrinsic cascade related Cas- Moreover, the protein expression of Bcl-2 showed the same trend in the mRNA alteration.
Following on from this, we directly detected the cytochrome c levels in both cytoplasm and mitochondria, as shown in Figure 6B , | 1307 which suggested the mitochondrial-related cytochrome c release, reflecting that the intrinsic apoptotic pathway had been activated.
| DISCUSSION
Although, in the past decades, significant progress has been made for the treatment of cancers via induction of apoptosis, many challenges still remain, which are not only in the field of expanding the application of targeting apoptosis in multiple cancer cells, but also preventing cancer cells resistant to therapies. 12 A novel type of drugs, named "BH-3 mimetics," has been developed and applied clinically, they directly inhibit Bcl-2 family members for apoptosis activation, with the aim of overcoming the upstream proteins initiated therapeutic resistance. 29 However, these intrinsic apoptotic pathway targeted drugs also face the problems that toxicities need to be improved in the meantime of keeping or enhancing the potency on killing cancer cells. [30] [31] [32] In this study, we focused on investigating the potential anticancer mechanism of the novel characterised peptide Dermaseptin-PS1 on malignant glioblastoma U-251 MG cells.
Our data confirmed that Dermaseptin-PS1 possessed strong
antimicrobial (E. coli, S. aureus and C. albicans), anticancer (U-251 MG) and haemolytic activities at the concentration of 10 −5 M, through the morphological ( Figure 3B ) and LDH ( Figure 3C ) analysis, we presumed that these effects were resulted from necrosis caused by Dermaseptin-PS1, which is a non-specific cell membrane disruption mechanism, and this could be further unambiguously determined by the most reliable transmission electron microscopic detection. 33 While the U-251 MG cell viability decrease after being exposed to 10 −6 M peptide attracted our attention, as all the results implied that no mechanic cell membrane damage was likely to be involved. As a consequence, we examined the apoptosis activation. One of the interesting issues we observed was that, almost all mRNA levels of the measured apoptotic related genes (intrinsic and extrinsic) increased significantly after treatment of 10 −6 M Dermaseptin-PS1, but we barely seen the up-regulation of protein level of cleaved caspase 8, the main executor of extrinsic pathway. As the fact that caspases exist in the form of zymogens, their activities depend largely on cleaving the zymogens to the active forms, 34 and thus, compared with transcriptional-regulation, post-translational regulations are more essential for the caspases activity. In addition, the expression of FADD had no significant changes. Thus, we deduced that the extrinsic pathway is not involved in the Dermaseptin-PS1 induced apoptosis. Nevertheless, the detailed mechanism associated with why the up-regulated mRNA level of extrinsic targets has not contributed to the active form of caspase 8 warrants further investigations.
In addition, the marker proteins from the intrinsic apoptotic cascade ( Figure 6A ) indicated that the intrinsic apoptotic cascade was responsible for low concentration of Dermaseptin-PS1 induced cell death. Although the cleaved caspase 9 levels were increased after exposure to Dermaseptin-PS1, the caspase 9 level was also increased compared with the positive control etoposide treatment. We suspect that, apart from activation of caspase 9, Dermaseptin-PS1 could also increase the expression of this gene, which culminates in elevation of both caspase 9 and its cleaved form.
Overall, our study not only provides new candidate for the treatment of malignant glioblastoma, but also illuminates Table 1 . The mRNA expression of 18S was used as a calibration standard. Data were analysed with one-way ANOVA using GraphPad Prism 5 software. Values are the mean ± SEM for three independent experiments. ***P < 0.001 vs negative control −6 M concentration. Therefore, we emphasise that precisely control the dose of the prescription in clinic might be another perspective research area for achieving our ultimate goal of cancer treatment. Western blot. COX IV was used as a loading control for mitochondrial fractions. The signal intensity was quantified by Image Lab software and GraphPad Prism 5 software was used for statistical comparison. NC, negative control; PS1, Dermaseptin-PS1; Eto, etoposide. *P < 0.05 vs protein expression in cytosol after etoposide treatment; ### P < 0.001 vs protein expression in cytosol after Dermaseptin-PS1 treatment
